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ABSTRACT
The coefficient of thermal expansion of NaCl ice and natural sea ice is

theoretically shown to be equal to the coefficient of thermal expansion of

pure ice.



INTRODUCTION

A knowledge of ehe thermal expansion coefficient ofﬂsea ice is needed
to solve a variety of ice engineering problems. These include: estimating
thermal ice pressures on offshore arctic structures; studying thermal
cracking and weékening of sea ice sheets; and examining the effects of
differential thermal expansioﬁ between frozen-in ice stress sensors'and the
surrounding ice.

The only information on the coefficient of thermal expansion of sea ice
is presented by Anderson (1960). Anderson's calculations show that the
thermal expansion coefficient of sea ice can vary over several orders of
magnitude and be either positive or negative depending on the ice salinity
and temperature. For example, for an ice salinity of about 5°/oo, the
ice first expands as it is cooled and then at about -10°C it begins to con-
tract. His results also show marked discontinuities at the NaCl . 2H.0
eutectic temperature, -22.9°C. Most solids, including pure ice, have a
positive expansion coefficlent and show relatively very little variation at
ambient temperatures.

Andersen e;Iculated the volume expansion coefficient of air-free sea
ice from theoretical ice density values based on Assur's (1958) éea ice
phase equilibrium tables. While the calculated densities for air-free sea
ice are believed to be correct (Cox and Weeks, in prese), the calculated
expansion coefficients are in error. For a fixed ice salinity, the density
of air-free sea ice first decreases with decreasing temperature, Anderson

and others have, therefore, assumed that sea ice first expands with cooling

since its density decreases, that is
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where B is tﬁe Qoiuﬁéﬁéxfan§i$; égéffiéiént fo£ géa.iée,.pxis‘tﬁe sea ice
density and T is tﬁenice temperaiure. ;ﬁowever, aé ﬁhe temperature of sea
ice chang’es botil the volume and the mass of the ice chaﬁge (Cox and Weeks,’
1975) and Equation (1) does ﬁét‘apply. As air-free sea ice is éooled,
brine is expelled and as air-free sea ice is warmed, its air or gas volume
ihcreases.

In the present paper, equations are first derived for the volume
gdefficient of thermal expansion of NaCl ice. The density of NaCl ice
varies in the same manner as that of sea ice (Weeks, 1962); however, in
considering NaCl ice at temperatures above -21.1°C we do not have to deal
with the¢presence of precipitated solid salts. Equations are then derived
for the volume coefficlent of thermal expansion of natural sea ice. Since
the linear coefficient of thermal expansion of pure ice does not appear to

be direction dependent (Hobbs, 1974; and Yen, 1982), the volume expansion

coefficient is used in this paper for convenience.

DERIVATION OF EQUATIONS FOR NaCl ICE

A sample of NaCl ice, above the NaCl - 2H.0 eutectic temperature

(-21.1°C) is composed of pure ice, brine, and air. In the following

equations, m V , and are the mass, density, volume and volume
q p 2 y

A S ,
thermal expansion coefficient of component § where the subscripts a, b, s

and i denote the component air, brine, salt, and pure ice, respectively. M

is the bulk mass, V is the bulk volume, p is the bulk density, and B is the
bulk volume thermal expansion coefficient of the ice. The term m: denotes

the mass of salt in the brine and mi and Vz are used to specify the mass
and volume of expelled brine, réspectively.v

The salinity of the ice, Si, is defined as
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The salinity of the brine, Sps 1is defined aé
m , .
" m | )

The total volume of the ice, V, is equal to

V=V +V T, (4)

b

and the bulk volume coefficient of thermal expansion, B, is

_14av _1 dav av dv,
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The problem at hand is to determine how the volume of each component varies
with temperature,

Warming of ‘NaCl Ice

To simplify the problém, warming of the ice is first considered.

During warming, the brine in the ice is diluted by the melting of ice;:

around the bfinq\cavities ﬁo maintain phase equilibrium. ‘No Brine ishh o

expelled; however, due .to the phase chaﬁge and the difference i%:denéityv

between pure ice and bfine, the air or gas volume in the ice inéréases:f
N'Since no brine is exﬁelled during warming, the mass of salt in the

brine remains constant and
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Solving for the change of mass of the brime we obtain
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for Fhe change in brine‘§olumewhéfé”A
R @
The bulk mass of the ice also remains essentially constant during warming
since thé mass ofvair is negligible. Thus,
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Expanding Equa;ion (11) and solving for the change in pure ice volume we

1

obtain
dVi ) mb ds . v
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Obtaining a relationship for the change in air or gas volume with
temperature is less straightforward. Cox and Weeks (in press) give an
"~ equation for the air volume of sea ice as a function of the ice salinity,

bulk_density, and temperature. For NaCl ice, their equation simplifies to
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This equation cannot be used as the bulk volume apears explicitly on the

right—~hand 81de of the equation. -

By con51dering varlous hypothetical porous materials, the following
equation was flnally obtained for the change in air volume with tempera—

ture:

dv o) m, dS
a i b b
= (—-1) —————pisb = VpB, t VB t V.8 - (15)

The first term in Equation (15)

5 ) mb dSb |
Py piSb dT. . o 5

accounts for the increase in air volume due to the phase change of ice to

brine. The second term
Y
reflects the decrease in air volume due to expansion of the brlne w1th

’ incre351ng temperature. The thlrd and fourth terms

VbBi * vasiw |
describe the increase in air volume as the ice matrix expands.
If the ice did not contain any brine, we would have
Vo T @@ T 9 | - ue
dVi . ‘ S :
T = ViBi » ' _ . . : ' B - (17)
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Substituting these values into Equation (5) we obtain, the relation

B = B | ' | (19)
for bubbly pure ice.
If the ice-contained an inert, constant density brine and air, we would

have no phase change,

ar = % » | o Y
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Again, as expected, we obtaln by substitution

B = 8 (23)

for the bulk thermal expaﬁsion coefficient.

1f the density of the inert brine were allowed to vary with ;emperature
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resulting in
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Finally, for NaCl ice during warming Where there is a phase change of pure

ice to brine we find that by substituting equations (8), (12) and (15) into

Equatlon (5)

(Va + V. + Vi)

- b ~ | . .
B - v Bi - Bi . (28)

The coefficient of thermal expansion of NaCl ice during warming is the same
as that of pure ice.

‘ Coollng of Air—Free NaCl Ice

When NaCl ice above the eutectic temperature is cooled, the brine in
the cav1t1ee muet be concentrated to malntaln phase equlllbrlum with the
surrounding ice. This is accomplished by freezing water in the brine on
the cavity walls. .The phase change results in a net expansion in the
cavities and expulsion of brine. ~

For air-free NaCl ice the change in mass of salt Qitﬁwcooiing is equal

to o , R
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where m: is the maes of the expelled brine. Since mi is initially zero we

then have

(30)

The change in the bulk mass of the ice is also equal to the mass of the

expelled brine and
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Substituting Equation (30) into (31) we obtain™
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for the change in mass of pure ice. It is interesting to note that the
same equation is obtained during warming when no brine is expelled.
Solving for the change in pure ice volume we obtain

dVi m dSb
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where Vi is the volume of expelled brine and initially equal to zero. The

last term in Equation (34) is analogous to the change in air volume of
. . ) S . . - -
air-free ice during warming, such that

avy av, |
T - Ta - | (35
The amount of expelled brine and increase in air Qolume are determined by

the samevprocesses. We thus have
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the pure ice matrix. Substitutlng Equation (36) 1nto Equation (34) glves

(37)

for the change in brlne volume in the ice durlng cooling.
y‘ The bulk coeffic1ent of thermal expansion is found by substltuting

'Equatlons (33) and (37) into Equation (5) and notlng that

V =—=0. o (38)

The volume coefficient of thermal expansion of air-free NaCl ice during

cooling is found to be equel to that of pure ice:

vV, +V :
e L

1

DERIVATION OF EQUATIONS FOR NATURAL SEA ICE

Natural sea ice behaves in the same manner as NaCl ice, however, the
situation is complicated by the presence of solid salts. 1In the following
equations m__, V_, p and g denote the mass, volume, density and

; ss’ 'ss ss -T- I
volume thermal expansion coefficient of the solid salts in the ice. Using

‘the same line of reasoning for the derivation of the NaCl ice equations’y we

obtain for warming of natural sea ice

10
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Thermal strains between the solid salts and pure ice are neglected. Sub-

étituting these equations into Equation (5) we obtain
B=8 - (44)

For the cooling of air-free natural sea ice we have

dVi 1 dm:,L
& T @ ik | (43)
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S TS W Y Ui R (Y 46
ar ™~ pp & p, dI bPy T AT V
and k ' / T
sts 1 dmss "
dT B Psg daT + Vss Bss (47)
wheré
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T PL’ Py dT bbb P Pes dT
+ Vss Bss - VbBi - Vss Bi ° (48)

8= 8 - | | (49)
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 DISCUSSION

The'thermal expansion coefficients of NaCl ice during warmlng and
air—-free NaCl ice during cooling are shown to be equal to that of pure

ice. When thermal strains between the solidvsalts and pure ice are,

neglected the same results are obtained for natural sea 1ce. Thls is adr

:.reasonable assumptlon, in\that recent work by Cox and Weeks (1n press) has
’demonstrated that neglectlng the presence of solid salts in sea ice has
little effect on mass and volume calculations.
B In saline ice, the pure ice matrix expands and contracts without regard
to the localised phasekchanges in the brine cavities./vFor saline ice
containing air, the same result would be found during cooling; only less
brine would be expelled from the ice. To derivebthe appropriate equations,
assumptions would have to be made about the distribution of air in the ice.

The observed behaviour is analogous to a pure ice cup filled with
liquid brine. Changes in temperature cause the cup to expand and contract
as pure ice, while the associated phase changes inside the cup govern the
amounts of brine and air present at each temperature. |

It is also\iuteresting to point out that Equation (48)vean be.used'to
estimate brine loss from sea ice samples obtained in the field’during
shipping and storage. It is_common practice to pack ice samples in dry ice
for shipping and then storing the ice at a temperature below the NaCl

2H,0 eutectic (-22.9°C). Cooling the samples results in brine expulsion

aud a lowering of the salinity of the sample.
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